Force Transfer
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On average, humans lose around ~45% of their muscle mass between their mid 20's 25 and 80 's (47, 70, 71) . This loss in muscle mass in the absence of disease is known as 26 sarcopenia (60). The decline in muscle mass is accompanied by, but cannot fully 27 explain, a rapid loss in muscle strength (64). The loss in muscle strength has previously 28 been investigated from the perspectives of loss of muscle protein mass (cross-sectional 29 area) and decreased neural activation. A third possibility, impaired force transfer, has 30 received the least attention in relation to aging, exercise and disease (66, 90, 102) .
31
However, recent advances in our understanding of this process suggest that force 32 transfer plays an important role in muscle strength and injury prevention, and this fact 33 will be the focus of this review.
34
Over 60 years ago, Andrew Huxley and his students used electron microscopy to show by the thick and thin filaments along the muscle fiber to the tendons. These specialized 43 networks of cytoskeletal proteins transmit force through the muscle to the tendon and 44 also serve to protect individual fibers from injury. An important structure in these 45 networks is the "costamere", which connects the sarcolemma with the contractile 46 apparatus, as first highlighted by Pardo and colleagues (85) . Early cell work in rat 47 cardiomyocytes suggested that the costamere structure transmitted force to the 48 extracellular environment (22) and that these proteins are also important in healthy 49 skeletal muscle; playing a crucial role in muscle function and injury prevention.
50
The fact that skeletal muscle transmits force in both longitudinal and lateral directions actin. This system incorporates proteins that are within the thick (titin) and thin (nebulin) 62 filaments, the α-actinin within the Z-lines, and the proteins that anchor the thick (ankryin 63 repeat proteins) and thin filaments (muscle LIM proteins) to the Z-line. When the 64 longitudinal force transfer system is working properly, the force generated by 65 actomyosin interactions within each sarcomere is transferred rapidly from sarcomere to 66 sarcomere to the myotendious junction to move the load. When the system is 67 suboptimal, there is greater compliance within the system that needs to be overcome 68 before the load can be moved. The result is that changes to proteins involved in has been proposed as the "molecular spring" as it is the major protein responsible for 85 passive tension and allows for the sarcomere to be protected from overstretching (34, 86 36). Indeed, this protective factor is dependent upon which titin isoform is expressed 87 due to lower or higher titin-derived muscle stiffness (74). Furthermore, the stiffness of 88 this molecular spring may be actively regulated through titin-actin interactions as well as 89 the structural arrangement of the spring elements within the I-band region (103).
90
Evidence also suggests that Ca 2+ -induced changes in titin can increase titin and 91 sarcomere stiffness (44, 103) . However, debate remains surrounding the regulation of 92 non-crossbridge force production (91).
93
From a skeletal muscle performance perspective, a decrease in titin has been observed 94 during disuse and following high intensity eccentric resistance exercise (104, 106) .
95
Twenty-four hours after 10-13 sets of 10 knee extensions at a workload of 120% 96 concentric force, Trappe and colleagues (2002) observed a 30% and 15% reduction in 97 titin and another important sarcomeric protein, nebulin, respectively. The authors 98 suggested this loss in titin was either due to direct damage or post-injury degradation. It 99 is important to note that they did not differentiate titin into its different isoforms (titin-1 100 and titin-2) and thus the isoform-specific changes in human skeletal muscle following 101 exercise remain to be determined. A more recent study by Udaka and colleagues (106) The analysis of skeletal muscle from both NM patients and nebulin knockout animal 138 models (NE-KO) has enhanced our understanding of the role of nebulin in muscle 139 contraction and thus force transfer (16, 77, 80, 118 strength/power and human performance (15, 19, 56, 100, 110, 119) .
177
In XX genotype individuals (i.e. ACTN3 deficient), muscle force is reduced and these alongside reduced lateral transmission in mdx mice, highlights a potential age-related 318 susceptibility to muscle injury. The authors observed no differences between young and 319 very old rats for α-and β-dystroglycan proteins and so it would appear that the loss of 320 dystrophin alone is sufficient to decrease lateral force transmission.
321
In contrast to the effects of aging on dystrophin levels reported by Ramaswamy, Rice Bang M-L, Li X, Littlefield R, Bremner S, Thor A, Knowlton KU, Lieber RL, and Chen J. 500
Nebulin-deficient mice exhibit shorter thin filament lengths and reduced contractile function in 501 skeletal muscle. 
